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Abstract 25 26
Background 27
Trachoma, a neglected tropical disease, is the leading infectious cause of blindness and 28 visual impairment worldwide. Host responses to ocular chlamydial infection resulting 29
in chronic inflammation and expansion of non-chlamydial bacteria are hypothesised 30 risk factors for development of active trachoma and conjunctival scarring 31 32
Methods 33
Ocular swabs from trachoma endemic populations in The Gambia were selected from 34
archived samples for 16S sequencing and host conjunctival gene expression. We 35 recruited children with active trachoma and adults with conjunctival scarring, alongside 36 corresponding matched controls. 37 38
Findings 39
In children, active trachoma was not associated with significant changes in the ocular 40 microbiome. Haemophilus enrichment was associated with antimicrobial responses but 41 not linked to active trachoma. Adults with scarring trachoma had a reduced ocular Streptococcus pneumoniae (Sp) via release of antibacterial free fatty acids that inhibit 110 their growth. 25 111 112
In typical cases of active trachoma with proven Ct infection, such as reported in 113
historical studies in The Gambia, the conjunctival response to Ct infection is 114 characterized by epithelial cell reorganisation, immune cell infiltration and secretion of 115
anti-microbial peptides. 3 Similarly, trachomatous inflammation follicular (TF) and 116 trachomatous scarring (TS) were also associated with expression of innate pro-117 inflammatory markers in Ethiopian and Tanzanian populations. 5, 6, 8, 13 However, 118
clinical signs of trachoma are often prevalent in the relative absence of Ct infection. 8, 119 [26] [27] [28] Additionally, longitudinal cohort studies in Tanzania and Ethiopia in adults with 120 progressive conjunctival scarring found that concurrent Ct infection was virtually 121 absent. 11 In these studies, non-chlamydial bacteria are often prevalent and associate 122 with trachomatous disease. These non-chlamydial bacteria include pathogens, such as 123
Sp and Haemophilus influenzae (Hi), and commensals, such as Corynebacterium spp. 8, 124 9, 11, 26 Non-chlamydial infections have also been associated with immunofibrogenic 125
immune responses thought to drive scarring trachoma. 13 Overall, studies from different 126 trachoma endemic populations suggest that non-chlamydial bacterial species are 127 significant factors in trachoma pathogenesis. 8, 11, 13, 26 128 129 130
Using culture independent methods, we have previously shown differences in 131 conjunctival microbiome diversity between individuals with trachomatous scarring and 132 controls, with elevated abundance of Corynebacterium in adults with scarring and 133 trichiasis. 10 Here, we investigate the relationship between the conjunctival microbiome 134
and host conjunctival-associated lymphoid tissue responses, additionally testing the 135 influence of host genotype on the ocular microbiome in different clinical stages of 136 trachoma in Gambians. Our data demonstrate significant associations between ocular 137 microbiota the host immune-response linked to specific bacteria and trachomatous 138 disease. 139 140 141
Materials and Methods 142 143
Ethics statement 144
The study was conducted in accordance with the Declaration of Helsinki. and previously described barcoded primers 37 to amplify the V1-V3 region of bacterial 243 16S rDNA. Cycling conditions were as follows: 30 sec at 98° C | 31 cycles (10 sec at 244 98° C | 30 sec at 62° C | 15 sec at 72° C) | 7 min at 72° C | hold at 4° C. PCR products 245 (~600 bp) were confirmed in a subset of samples using agarose gel electrophoresis. 246
Purification of PCR products was performed using the Agencourt AMPure XP system 247 (Beckman Coulter) and DNA quantified using the Qubit® 2.0 Fluorometer according 248 to the manufacturer's instructions (ThermoFisher Scientific). Samples were pooled into 249 a DNA library, which was denatured and run on the MiSeq sequencer at a final 250 concentration of 5 pM alongside a 5 pM PhiX control (Illumina). Raw reads generated 251
by MiSeq were error-corrected and filtered using DADA2 through QIIME2 252
(https://qiime2.org). 38 Filtered reads were clustered de novo into Operational 253
Taxonomic Units (OTUs) at 97% sequence similarity. OTUs were then assigned 254 taxonomy using a Naive Bayes classifier trained on the SILVA 16S database. Both 255 processes were performed with QIIME2. Manual filtering of classified OTUs was 256 performed using R as described below. OTUs were retained if they had been classified 257
as bacteria, had a genus-level classification and constituted >0.005% of the total 258 number of reads. 39 Samples with <1000 reads were excluded. Final read counts were 259
rarefied to 1000 reads per sample using the R package vegan. 16S rRNA sequencing 260
data (genus counts) generated by Roche-454 (n=220) published previously 10 were 261
included in the analysis. Read counts in the combined datasets were converted to 262 relative abundance of each phyla or genera per individual for all analyses. Univariate 263 analyses included genera with an abundance >1%. 264 265
KLRC2 genotyping 266 KLRC2 genotypes were determined by touchdown PCR using the Phusion High Fidelity 267
PCR kit (New England Biolabs) using previously described methods 40, 41 and primers. 42 268
Touchdown PCR was carried out as previously described. 41, 42 Cycling conditions were 269 as follows: 3 min at 95° C | 10 cycles (30 sec at 94° C | 30 sec from 65° C to 55° C 270
reducing by 1° C per cycle) | 30 sec at 72° C | 26 cycles (30 sec at 94° C | 30 sec at 55° 271 C | 30 sec at 72° C). PCR products were separated and identified using agarose gel 272 electrophoresis. 273 274 KIR copy number variation (CNV) assay 275
Determination of KIR2DL2 and KIR2DL3 alleles was performed by ddPCR (BioRad) 276 on buccal brush extracted DNA. 43 Each allele was tested for separately in parallel with 277 the human target RPP30. Primers and probes were master mixed to final concentration 278 of 3 µM each of primer and 1 µM of probe except in the case of KIR2DL2 (0.5 µM).
279
Primer sequences were as previously described. 7 Samples were digested with 1 unit of 280
BamHI-HF enzyme (NEB) prior to running the PCR. PCR reactions contained 4µl of 281 digested sample, 2 µl of primer probe master mix, 4 µl molecular grade water and 10 282 µl of 2x ddPCR master mix (BioRad). Cycling conditions were as follows: 10 min 95 o 283 C | 43 cycles (15 sec 95 o C | 60 sec 60 o C) | 12 min 98 o C. 284 285
HLA-C typing 286
Extracted DNA from ocular swabs was used for HLA-C1/C2 epityping by allelic 287 discrimination on an ABI 7900HT. Primer and probes used in the reaction were as 288 follows; Forward primer HLA-C-JS_C1C2F 5ʹ-TATTGGGACCGGGAGACACA-3ʹ, 289
Reverse primer HLA-C-3C26-R 5ʹ-GGAGGGGTCGTGACCTGCGC-3ʹ, C1 probe 290 BARI-C1 6FAM-CCGAGTGAGCCTGC-MGBNFQ, C2 probe BARI-C2 VIC-291 CCGAGTGAACCTGC-MGBNFQ. 44 Sequence data was analysed within R by inputting the .ab files and trimming the end N 310
bases before quality filtering to Q10. Sequences were classified using blastn sequence 311
identity. 312 313
Bacterial diversity using Hill numbers 314
Global differences in the ocular microbiome were examined using Hill numbers, which 315 take into account both richness and evenness (Equation 1). 46 Where S is number of 316 genera, pi is the proportion of genera per individual and q is the order of diversity. As 317 the order of diversity (q) increases, greater weight is placed on the most abundant 318 genera, reducing the Hill number. Within each value of q, higher values indicate 319 increased diversity. Samples with few, dominant genera will have a lower Hill number, 320
reflecting unevenness and reduced diversity. Samples with many, equally abundant 321 genera will have a higher Hill number, reflecting increased diversity and evenness. 322 323
Statistical analyses 325 R was used for statistical analyses and graphical visualizations. Analyses were 326
performed using the linear model function to compute p-values unless otherwise stated. 327
Analyses of gene expression (GE) were conducted using a linear regression of GE as 328 the dependent variable and host disease phenotype as the independent variable, adjusted 329
for age and gender. Analyses of the ocular microbiome were conducted using a linear 330 regression of microbial diversity or relative abundance as the dependent variable and 331
host disease phenotype as the independent variable, adjusted for age, gender and season. 332
All analyses in adults were additionally adjusted for evidence of P-score > 0. P-values 333
were adjusted using the false discovery rate (FDR) by the Benjamini-Hochberg 334 procedure. Contingency analyses were performed by Chi-square test or Fisher's exact 335 test. Scaled PCA was performed in R using the stats package. Hill numbers, diversity 336
indices and nonmetric multidimensional scaling were calculated using the vegan 337 package. P-values were considered significant at <0.05 and are denominated in figures 338
as follows: * p < 0.05; ** p < 0.01; *** p < 0.001. 339 340 341
Results

343
Participants 344
Thirty-six children (< 16 years) with a normal, healthy conjunctiva ("N"; F0|P0) and 345 49 with active trachoma ("AT"; F > 0 +/-P > 0) were included in this study. Evidence 346 of scarring was not significantly different between N (4/36 [11%]) and AT (9/49 347
[18%]). Of the adults studied, 121 (≥16 years) had a normal, healthy conjunctiva ("N"; 348 F0|P0|C0) and 158 had scarring trachoma ("ST"; C > 0). Additionally, 76/158 (48%) 349
adults with ST had P-score > 0, which was adjusted for in all analyses. No demographic 350
variables were significantly associated with AT in children or with ST in adults, and 351 unless otherwise stated, downstream analyses were only adjusted for age and gender. Table 2 ). 361 362
The expression of seven genes was significantly upregulated in AT ( Figure 1A ; 363 S100A7, DEFB4B, IL-17A, IL-23A, CD274, SRGN and CD53). All seven genes were 364
in the WCGNA defined GE module we termed "Active Trachoma Expression Module 365 (ATEM) 2", the contents of which are putatively involved in the innate response to 366 microbiota ( Supplementary Table 3 ). Combined expression level of ATEM2 was also 367 significantly upregulated in active trachoma (adj.p = 0.002, coef = 2.267 [se = 0.704]).
368
Four genes were significantly downregulated in AT ( Figure 1A ; SPARCL1, TRAF6, 369
MUC16 and TNFSF15). Similarly, all four genes were in the same GE module ATEM3, 370 which is putatively involved in suppression of epithelial cell expansion and recovery 371
( Supplementary Table 3 ). 372 373
In ST, the expression of nine genes was significantly upregulated ( Figure 1B ; DEFB4B, 374 CEACAM1, MUC4, MMP7, IL-23A, MUC1, CHD8, MYD88 and NFKB1). Six of nine 375 genes were in GE module "Scarring Trachoma Expression Module (STEM) 4", 376
characteristically involved in responses to microbiota ( Supplementary Table 4 ).
377
Combined expression level of STEM4 was also significantly upregulated in ST (adj.p 378 = 7.050x10 -7 , coef = 2.117 [se = 0.405]). Five genes were significantly downregulated 379
in ST ( Figure 1B; SPARCL1, IL-22, miR-1285, TNFSF15 and IFNy). Three of four 380 genes were in the same GE module STEM1, involved in epithelial health 381
( Supplementary Table 4 ). 
392
To identify shared differential gene expression in active and scarring trachoma, fold-393 changes from significantly differentially expressed genes in the previously described 394 comparisons (Figure 1) were contrasted. This highlighted three groups of genes that 395
were a) downregulated in AT and ST (Figure 2 
418
Ocular microbial changes in active and scarring trachoma 419
The ocular microbial community was characterised by sequencing of the V1-V3 region 420 of the 16S gene, combining previously published data generated by 454 method 10 and 421 new data generated by MiSeq sequencing. Nonmetric multidimensional scaling of the 422 compiled datasets showed no significant difference between samples sequenced on the 423 two platforms (p=0.436). 16S data was available from 72/85 children (N = 31, AT = 424 41) and 235/279 adults (N = 105, ST = 130) (Supplementary Table 5 ). 425 426
We identified 382 genera from 29 phyla. As found previously, the ocular microbiome 427 community diversity decreased with age (p = 0.0007, coef = -0.007 [se = 0.002]). Phyla 428
with an abundance >1% were identical between children and adults. Actinobacteria and 429
Firmicutes accounted for the majority of the observed microbes (Figure 3 ). Eleven 430 genera had relative abundance > 1% in both children and adults, ten genera were > 1% 431
in children only and one genus was > 1% in adults only (Figure 4) . 
446
Global differences in the ocular microbiome were examined using Hill numbers, details 447 are provided in the Methods. At order of diversity = 0 children with AT tended to have 448
reduced diversity compared to healthy controls; Hill number did not significantly differ 449
between AT cases and normal children when order of diversity was 0.5 or higher 450
( Figure 5A ). At order of diversity = 0, adults with ST were indistinguishable from 451 normal, healthy adults ( Figure 5B ). From order of diversity = 0.5 upwards, adults with 452 ST had significantly reduced diversity. The level of significance continued to increase 453 with increasing order of diversity, suggesting dominance of a small number of genera. 
463
In univariate analyses there were no differentially abundant genera between children 464
with AT and normal, healthy children. In adults with scarring trachoma, 465
Corynebacterium abundance was significantly greater (adj.p = 0.0002, coef = 0.156 [se 466 = 0.036]) and Staphylococcus abundance was significantly lower than in healthy 467 controls (adj.p = 0.0011, coef = -0.022 [se = 0.006]) ( Supplementary Figure 1) relative abundance was also poor for both species (Hi p = 0.174, Sp p = 0.207).
486
Abundance was higher however in PCR-positive samples, significantly so for Sp (Hi p 487 = 0.081, Sp p = 0.002). 488 489 Relationship between ocular microbial community and host genotype 504
We have previously found an association between HLA-C2 copy number, 505 KIR2DL2/KIR2DL3 heterozygosity and conjunctival scarring. 7 KLRC2 (NKG2C) was 506 also investigated as it is an activating receptor of NK cells and T cells that could 507 potentially impact bacterial community structure or host responses. Polymorphisms in 508 expression of this receptor have previously been shown not to be associated with 509 trachoma however. 42 Relationships between these host genetic factors and ocular 510 microbiome in adults were determined by Hill numbers and nonmetric-511 multidimensional scaling (nMDS) of complete microbial communities. No significant 512 associations were identified (Table 3) . Details of host genotype by trachomatous 513 disease stage are available in the supplement ( Supplementary Table 6 ). 514 515 Relationship between gene expression, microbial community and evidence of 520 trachomatous disease 521
Previous studies have implicated interplay between host gene expression and 522 microbiome in disease pathogenesis [33] [34] [35] [36] . We now evaluate the interplay of host ocular 523 microbiome and conjunctival gene expression using a linear regression of GE on 524
relative abundance, with previously detailed adjustments. In children, univariate 525 analyses identified a number of genes associated with abundance of Haemophilus 526 (Table 4 ). S100A7, SRGN and TLR4 were upregulated in children with increased 527 abundance of Haemophilus. These genes were all within module ATEM2, the 528 expression of which was also significantly upregulated in children with increased 529 abundance of Haemophilus (adj.p = 0.0001, coef = 7.777 [se = 1.898]). Visualisation 530 of the relationship between gene expression and microbiome suggested the association 531
between Haemophilus abundance and expression levels of ATEM2 was not linked to 532 active trachoma ( Figure 6 ). No further associations between microbiome and GE were 533
identified. 534 535 
549
In adults, univariate analyses identified 3 genes upregulated with increasing abundance 550
of Corynebacterium (Table 5 ). These genes were all within module STEM4, expression 551 of which was also significantly upregulated with increased abundance of 552
Corynebacterium (adj.p = 0.0003, coef = 2.472 [se = 0.672]). Visualisation of the 553 relationship between gene expression and microbiome showed greater separation of 554 scarring trachoma and healthy individuals than observed in children with active 555 trachoma and healthy individuals ( Figures 6 & 7) . Adults with ST clustered in the 556 negative space of the first dimension of nMDS. Expression of STEM4 and abundance 557
of Corynebacterium were both increased in this space populated exclusively by 558 individuals with ST, suggesting the association between them is linked to ST. No 559 further associations between microbiome and GE were identified. 560 561 
575 626
We found no evidence of significant changes in the ocular bacterial communities of 627 children with AT compared to matched, healthy controls. Overall the prevalence of 628 ocular C. trachomatis infection was low in AT cases, which is consistent with the 629 observed decline in AT and infection prevalence seen in The Gambia in these districts 630
prior to the mass distribution of Zithromax. 51 The V1-V3 16S rRNA sequencing method 631 used in this and our previous studies is not capable of resolving Chlamydiae taxa, which 632
is a limitation of this study, however in AT cases there was no evidence of an overall 633 dysbiosis. 634 635
The most substantial changes in relative abundance across each disease phenotype are 636
in Corynebacterium. In children with AT there was a non-significant decrease in 637 relative abundance whilst in adults with ST there was a significant increase. In adults 638
with ST, there is almost a 1/3 increase in Corynebacterium relative abundance 639 compared to controls. This is consistent with culture results in trachoma where adults 640
with ST are consistently found to have an increased proportion of Corynebacterium 641
isolated. 9 Corynebacterium species not commonly resident on skin suggests that these are not 656
contaminants from surrounding facial skin, but species which find a niche on the 657 conjunctiva. 658 659
We found both individual genes and modules (combinations of genes) that were 660 differentially expressed and associated with the relative abundance of a number of 661 genera. In children, three transcripts (S100A7, SRGN and TLR4) and miR-155 662 expression were associated with presence of Haemophilus. These genes were members 663 of ATEM2, an expression module with 24 genes; the expression of which is 664 characteristic of innate responses to the microbiota. Combined analysis of gene 665 expression, ocular microbiome, and disease status suggested that the association 666
between Haemophilus abundance and ATEM2 expression was not related to AT. This 667 supports the lack of independent association between Haemophilus abundance and AT. 668
Increased ATEM2 expression in AT may be driven by a recently cleared bacterial 669 infection or an unknown non-bacterial pathogen. It is also possible that previous 670
infections have caused epigenetic changes which predispose individuals to 671 inflammatory responses in the absence of classical stimuli. A larger sample size is 672 required to investigate these hypotheses.
674
In adults, increased relative abundance of Corynebacterium was associated with 675 increased expression of mucins (MUC1/MUC4) and the adhesion molecule CEACAM1. 676 CEACAM1 in particular is exploited in mucosal colonisation by both pathogenic and 677 nonpathogenic bacteria, increased expression may support ocular expansion of 678 otherwise transient bacteria. 53 Numerous splice variants of both mucins exist. 54, 55 The 679 frequency of two MUC1 variants have been implicated in dry eye disease through 680 modulation of the local inflammatory response, 54 it is possible changes in the frequency 681 of variants may increase susceptibility to ST. These 3 genes are members of a larger 682 module, STEM4, containing 12 genes whose expression is driven by the ocular 683 microbiota. In this case, the majority of increased STEM4 expression was associated 684
with increased relative abundance of Corynebacterium, which was further enhanced in 685
ST. A proposed hypothesis from work in mice is that C. mastiditis is required to 686 stimulate innate resistance 24 , whilst in humans C. accolens is able to competitively 687 generate metabolites that inhibit the growth of ocular pathogens such as S. 688
pneumoniae. 25 In contrast, our data suggest Corynebacterium spp found in the ocular 689 niche may contribute to altered mucin expression, along with bacterial and epithelial 690 cell adhesion which are important factors in ST. To determine if increased 691
Corynebacterium abundance is a promoter of or a result of ST requires longitudinal 692
investigation. 693 694 695
The combined examination of the ocular microbiome and conjunctival host response 696
suggests contrasting profiles in AT and ST. In children, in the absence of current C. 697 trachomatis infection, ocular pathogens such as Haemophilus are prevalent and 698 associate with damaging inflammatory responses that impair epithelial cell health. 699
However, these pathogens are not independently associated with AT, suggesting there 700 may be undiscovered factors promoting inflammation. In adults, expansion of a non-701 pathogenic or commensal bacterium such as Corynebacterium, at the cost of bacterial 702 community diversity, is associated with innate responses thought to drive ST. This 703 response in adults was associated with increased mucin expression and enhanced matrix 704 adhesion of epithelial cells. Enhanced cell matrix adhesion could contribute to fibrosis, 705 whilst increased mucin expression may modulate inflammatory responses. 706
Longitudinal studies are critical to the further understanding of progression of AT to 707
ST. In AT, longitudinal studies are needed to understand how long inflammatory 708 responses are sustained after clearance of an infection. In ST, longitudinal studies are 709 required to investigate innate responses and Corynebacterium abundance and whether 710 they are drivers or outcomes of scarring. 711 712 713
